Genetically modified mice models suggest an important role for G-protein-coupled receptor kinase 5 (GRK5) in the pathophysiology of obesity and related disorders. We investigated whether single nucleotide polymorphisms (SNPs) in the gene encoding GRK5 affect cardiometabolic traits in humans. We genotyped 3 common SNPs in intron 1 (rs1980030, rs10466210, rs9325562) and one SNP in intron 3 (rs10886471) of GRK5 in 2332 subjects at risk for type 2 diabetes. Total-and visceral fat mass were measured by magnetic resonance (MR) tomography and liver fat content by 1 H-MR spectroscopy. Insulin secretion and sensitivity were estimated during an OGTT and measured during the euglycemic, hyperinsulinemic clamp (n = 498). Carriers of the minor allele of rs10466210 and rs1980030 had higher total-and LDL-cholesterol levels (p = 0.0018 and p = 0.0031, respectively, for rs10466210; p = 0.0035 and p = 0.0081, respectively, for rs1980030), independently of gender, age, BMI and lipid-lowering drugs. The effects of rs10466210 withstood Bonferroni correction. Similar associations were observed with apolipoprotein B levels (p = 0.0034 and p = 0.0122, respectively). Carriers of the minor allele of rs10466210 additionally displayed a trend for higher intima-media thickness of the carotid artery (p = 0.075). GRK5 may represent a novel target for strategies aiming at lowering LDL-cholesterol levels and at modifying cardiovascular risk.
Euglycemic, hyperinsulinemic clamp. A subgroup of subjects (n = 498) additionally underwent a euglycemic, hyperinsulinemic clamp. Insulin sensitivity was determined with a primed insulin infusion at a rate of 40 mU•m −2 •min −1 for 2 hours as previously described 27 . Insulin sensitivity index from the clamp (ISI clamp ) was calculated as glucose infusion rate necessary to maintain euglycemia during the last 20 min (steady state) of the clamp (in μmol/kg/min) divided by the steady-state insulin concentration (in pmol/l).
Carotid intima-media thickness. Intima-media thickness of the carotid artery was measured by high resolution ultrasound. (AU5 idea, Esaote Biomedica, Munich, Germany) with an integrated electrocardiography (ECG) package as previously described 28 . Laboratory measurements. Glycated haemoglobin (HbA1c) measurements were performed in the central laboratory of the University Hospital of Tübingen using the Tosoh A1c analyzer HLC-723G8 (Tosoh Bioscience GmbH, Griesheim, Germany). Plasma free fatty acid (FFA) concentrations (enzymatic method, WAKO Chemicals, Neuss, Germany) as well as clinical chemical measurements (total-, HDL-and LDL-cholesterol, triglycerides) were measured on the ADVIA XPT Clinical Chemistry System (Siemens Healthcare Diagnostics, Eschborn, Germany). Serum concentrations of apolipoproteins were determined on the BN ProSpecnephelometer (Siemens Healthcare Diagnostics, Eschborn, Germany).
Selection of tagging SNPs and genotyping.
We focused on the first 4 kb of intron 1 of the human GRK5 gene on chromosome 10, due to the high density of gene-regulatory elements (promoter and enhancer elements) in this gene region (according to data of the 1000 Genome Project http://www.internationalgenome. org/1000-genomes-browsers). There are no other promoter regions in the gene, neither upstream nor downstream of the promoter. There are several putative promoter flanking sequences downstream of the GRK5 gene promoter, which have probably no significant relation to the core promoter ( Supplemental Figs 1 and 2) .
Based on publicly available phase II data of the International HapMap Project derived from Utah residents with Central European ancestry (release #24 November 2008, http://hapmap.ncbi.nlm.nih.gov/index.html.en), we identified 5 common SNPs (minor allele frequencies ≥0.05) in this intronic gene region, i.e., rs4752263, rs1980030, rs10466210, rs9325562, and rs10787932. Since rs4752263 and rs1980030, and also rs9325562 and rs10787932 were in linkage disequilibrium (r 2 = 0.97 and r 2 = 1, respectively) according to HapMap data, only the SNPs rs1980030, rs10466210 and rs9325562 were genotyped and further analysed. The HapMap linkage disequilibrium (r 2 ) data of these five common SNPs are schematically shown in Fig. 1 . Additionally, we genotyped rs10886471 in intron 3 of the GRK5 gene, because it was found in a genome-wide association study to be significantly associated with type 2 diabetes in Chinese Hans 11 . We could not find any data regarding LD among rs10886471 and the other SNPs in Europeans.
For genotyping, DNA was isolated from whole blood using a commercial DNA isolation kit (NucleoSpin, Macherey & Nagel, Düren, Germany). The 4 SNPs were genotyped using the Sequenom mass ARRAY system with iPLEX software (Sequenom, Hamburg, Germany). The genotyping success rates were 99.7%. The Sequenom results were validated by bidirectional sequencing in 50 randomly selected subjects, and both methods gave 100% identical results.
Statistical analyses.
Since most of the variables were non-normally distributed, data are given as counts or medians [interquartile range]. For statistical analysis, data that were not normally distributed (Shapiro-Wilk W test) were logarithmically transformed. The univariate interrelationships (Pearson correlations) between the phenotypes tested are given in supplemental Table 1 . To identify independent associations of the SNPs, we performed multiple linear regression analyses with the relevant metabolic traits set as dependent variables. BMI, waist circumference, TAT mass, VAT mass and liver fat content were adjusted for age and gender. The other traits were additionally adjusted for BMI. Lipid measurements (FFA, triglycerides, total-, HDL-and LDL-cholesterol levels, and apolipoproteins) were also adjusted for treatment with lipid-lowering medication and insulin secretion measurements also for insulin sensitivity (as estimated from the OGTT). The genotype was included in the analyses as an independent variable. For each dependent variable two models were applied. In the additive inheritance model, the effects of all genotypes on the dependent variable were compared and allele-dose effects were tested; in the dominant model, homozygotes for the major allele were compared to heterozygotes and homozygotes for the minor allele combined. The Hardy-Weinberg equilibrium was tested using a χ 2 -test (1 degree of freedom). The statistical software package JMP 11.0 (SAS Institute Inc, Cary, NC, USA) was used. We performed Bonferroni correction for the 4 SNPs tested and the following 4 physiologically unrelated traits: BMI (as being closely associated with body weight, waist circumference, total body, visceral and liver fat), insulin sensitivity and insulin secretion (as being strongly related to glucose, C-peptide and insulin levels, as well as HDL-cholesterol and triglyceride levels), and LDL-cholesterol, for the additional reason of being causally related to intima-media thickness, while it is physiologically not directly linked to insulin sensitivity. Accordingly, a p-value ≤ 0.0032 (Bonferroni corrected for 4 × 4 = 16 null hypotheses) was considered statistically significant. Associations with a p-value between 0.0032 and 0.05 were considered nominal.
Availability of materials and data. The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.
Results
Demographic, anthropometric and metabolic characteristics of the subjects. The triglycerides 15-3202 mg/dl, apolipoprotein AI 54-316 mg/dl, apolipoprotein B 37-187 mg/dl, insulin sensitivity 2.19-85.37 10 19 l 2 •mol −2 as assessed by the OGTT, 0.008-0.472 10 6 l•kg −1 •min −1 as measured by the clamp.
Genotyping of GRK5 tagging SNPs. The 2332 study participants were genotyped for the three SNPs rs1980030, rs10466210, rs9325562 in intron 1, and the SNP rs10886471 in intron 3 of GRK5. All SNPs were in Hardy-Weinberg equilibrium (all p > 0.05). The observed MAFs were 0.440 (rs1980030), 0.072 (rs10466210), 0.356 (rs9325562), 0.467 (rs10886471), and were similar to those provided by HapMap for the Central European population (0.369, 0.081, 0.283, and 0.455, respectively). According to the HapMap data ( Fig. 1 ), the genetic linkage between the three SNPs in intron 1 was low or moderate with minimal r 2 = 0.03 and maximal r 2 = 0.67.
Associations of GRK5 SNPs with body fat compartments and liver fat content. After adjustment for age and gender, none of the four SNPs showed significant associations with BMI, waist circumference, TAT mass or VAT mass ( Table 2 and Supplemental Table 2 ). A nominal association of the SNP rs10466210 with VAT mass (p = 0.022 in the additive, p = 0.018 in the dominant model, Table 2 ) was observed. Similarly, we found no significant association of any of the SNPs with liver fat content, as measured by 1 H-MR spectroscopy ( Table 2 and Supplemental Table 2 ).
Associations of GRK5 SNPs with glycemia, insulin sensitivity and insulin secretion.
Neither fasting nor 2-hour post OGTT glycemia and insulinemia, or insulin sensitivity assessed by the HOMA-IR or during the OGTT, or measured by the clamp (adjusted for gender, age and BMI) were associated with any of the four SNPs. We observed a nominally significant association of the SNP rs10466210 with glycated hemoglobin: carriers of the minor A-allele had higher glycated hemoglobin levels (p = 0.0088 in the additive, p = 0.0057 in the dominant model, Table 2 ). However, no other SNP was significantly related to glycated hemoglobin levels. Likewise, the four SNPs were not associated with adjusted insulin secretion ( Table 2 and Supplemental Table 2 ).
Associations of GRK5 SNPs with plasma lipids.
In contrast to the absence of any association or only rather sporadic associations of the GRK5 SNPs with body fat mass and body fat distribution, as well as glucose homeostasis, we found robust associations of two SNPs, rs10466210 and rs1980030, with total-and LDL-cholesterol, and apolipoprotein B levels, which is known to be the main protein of LDL-particles, but not with HDL-cholesterol or triglyceride levels ( Table 2 and Fig. 2 ). In particular, the minor A-allele of rs10466210 was significantly associated with higher total cholesterol (p = 0.0018 in the additive and p = 0.0019 in the dominant model), LDL-cholesterol (p = 0.0031 in the additive model) and apolipoprotein B (p = 0.0034 in the additive and p = 0.0029 in the dominant model) levels, withstanding Bonferroni correction in all instances. The minor G-allele of rs1980030 was also related to higher total cholesterol, LDL-cholesterol and apolipoprotein B concentrations, but the associations fell very short from being significant after Bonferroni correction for total cholesterol (p = 0.0035 in the additive model and p = 0.0037 in the dominant model) and were only nominally significant for LDL-cholesterol and apolipoprotein B (p = 0.0081 and p = 0.0122, respectively in the additive model, and p = 0.036 and p = 0.032, respectively in the dominant model), presumably due to the lower effect size of the SNP ( Table 2 ). We performed post hoc power analyses of the associations of the SNP with the lowest minor allele frequency, rs10466210, in the additive model with total cholesterol, LDL-cholesterol and apolipoprotein B, all adjusted for gender, age, BMI and lipid-lowering medication. Based on the Bonferroni-corrected α-level of 0.0032, our study was sufficiently powered (1-β > 0.8) to detect effect sizes as small as 3 mg/dl for all three traits (1-β = 0.83 for total cholesterol, 0.93 for LDL-cholesterol and 0.99 for apolipoprotein B). The other 2 SNPs, rs9325562 and rs10886471, were not related to any of the plasma lipids or lipoproteins (Supplemental Table 2 ). The phenome-wide association results for all 4 SNPs are also shown as Manhattan plots (Fig. 3) . Although there was no association of the SNPs with weight or BMI, and in order to exclude the possibility that the significant associations were driven by extremely obese subjects, we repeated these analyses after excluding subjects with BMI ≥ 65 kg/m 2 (n = 14). The results (p-values) were virtually the same (Supplemental Table 3 ).
Associations of GRK5 SNPs with carotid intima-media thickness (IMT).
Having found significant associations of two SNPs with LDL-cholesterol and apolipoprotein B levels, we set out to explore whether these SNPs were associated with IMT of the common carotid artery, a known early marker of atherosclerosis. IMT measurements were available in a subgroup of 590 subjects. We observed a trend for an association of the SNP rs10466210 [GG: n = 514, IMT 0.535 (0.465-0.639) mm, median (interquartile range); GA: n = 75, IMT 0.575 (0.494-0.670) mm; AA: n = 1, IMT 0.750 mm] with IMT (p = 0.075 in the additive model and p = 0.10 in the dominant model). The minor allele A, which was significantly associated with higher total-and LDL-cholesterol, and apolipoprotein B levels in the whole study population, showed a trend for an association with higher carotid IMT in this smaller group. The SNP rs1980030 was not associated with IMT (p > 0.57 in both models), presumably due to its lower effect size.
Discussion
In this study, we investigated possible associations of selected common SNPs in GRK5 with body fat mass and distribution, and measurements of glucose and lipid metabolism. We found robust associations of the minor alleles of two SNPs, rs10466210 and rs1980030, with higher total-and LDL-cholesterol, as well as with higher apolipoprotein B (apoB) levels. We detected no association of either of the SNPs with HDL-cholesterol or triglyceride levels. Of particular note, the two aforementioned SNPs were not linked to each other (r 2 = 0.15, Fig. 1) .
A possible impact of GRK5 on atherosclerosis was suggested in in vitro and in vivo studies [14] [15] [16] . Our findings were somehow unexpected, because they are not completely in agreement with the results of studies in Grk5 knock-out mice 9, 10 . With regard to plasma lipids, these animals had, under a high-fat diet, higher plasma triglyceride levels, but not significantly elevated total-, HDL-or LDL-cholesterol levels. However, these animals also Table 2 . Associations of the SNPs rs10466210 and rs1980030 in GRK5 gene with demographic and metabolic characteristics. * Available in 339 subjects; ** available in 455 subjects, *** available in 498 subjects. Values represent means ± SE (standard error). For statistical analyses, non-normally distributed variables were log transformed. The genotype effect was tested using additive and dominant inheritance models. BMI, waist circumference, total body fat mass, visceral fat mass and liver fat were adjusted for age and gender. Glucose and insulin levels, glycated hemoglobin, and insulin sensitivity measures (HOMA-IR, insulin sensitivity from the OGTT and ISI clamp ) were additionally adjusted for BMI. Lipid measurements (free fatty acids, total-, HDL-and LDL-Cholesterol, and triglycerides) were further adjusted for lipid-lowering medication. Insulin secretion measures (C-peptide 30' , IGI, AUC C-peptide 0-30 / AUC Glc 0-30, AUC C-peptide 0-120/ AUC Glc 0-120) were adjusted for gender, age, BMI and insulin sensitivity from the OGTT. #χ 2 -test. BW, body weight; ISI, insulin sensitivity index; IGI, insulinogenic index; Ins, insulin; C-Pep, C-peptide; Glc, glucose; AUC, Area Under the Curve.
displayed a higher insulin resistance and a higher liver fat content 10 , which may account for the higher plasma triglyceride levels (although, one would also expect them to have lower HDL-cholesterol levels 29 ). Besides, under a standard diet there was no difference in plasma triglyceride levels between knock-out and wild-type mice. In our study none of the SNPs was related with insulin resistance. Thus, it is not surprising that the SNPs were not associated with triglycerides, either. Of note, LDL-cholesterol levels were higher in Grk5 −/− mice, although this relationship was not statistically significant 10 . In any case, we do not believe that the data from knock-out mice can raise doubts about the robustness of our findings. In addition to the more or less expected differences between rodents and humans, the association of the two SNPs with LDL-cholesterol levels is, according to our analyses, strong, withstands correction for multiple testing (at least for rs10466210) and is virtually 'replicated' in the association of the SNPs with a separate measurement, apoB, which represents the main apoprotein of LDL-particles. In addition, the associations were significant independently of gender, BMI and lipid-lowering medication. In the Global Lipids Genetics Consortium the associations of the same two SNPs with total-and LDL-cholesterol levels were not significant, but adjustment was done only for age and sex, and not for BMI or medication (http://csg.sph. umich.edu/abecasis/public/lipids2013/) 30 . It is very difficult to assume a mechanism by which GRK5 may affect LDL-cholesterol metabolism. This is of course due to the large number of GPCRs and the large diversity of their possible ligands. Furthermore, it is not known whether the two SNPs found to be associated with LDL-cholesterol and apoB levels are functional, or whether they may simply be linked to other functional SNPs. The risk alleles of the SNPs rs4752300 and rs10886471 were found to enhance GRK5 mRNA expression in peripheral blood cells and in adipose tissue, respectively 11, 31 . According to HapMap, the SNP rs1980030 is in linkage disequilibrium with the SNP rs4752300 (r 2 = 0.97, Fig. 1 ).
Following our main finding of associations of the two SNPs with LDL-cholesterol and apoB levels, we further tested whether there may be significant associations of the GRK5 SNPs with IMT, an early marker of atherosclerosis. We detected a trend for an association of the SNP rs10466210 with IMT. The reason why the association did not reach statistical significance may be the fact that measurements of IMT were only available in about a quarter of the participants. No significant association of SNP rs1980030 with IMT was found. This may be explained, in addition to the limited number of available IMT measurements, by the clearly smaller effect size of the association of this SNP with LDL-cholesterol and apoB concentrations ( Table 2 ). Nevertheless, our findings regarding IMT point to an involvement of GRK5 in cholesterol metabolism with potential clinical relevance. With the only exception of isolated nominal associations of the SNP rs10466210 with VAT mass and glycated hemoglobin, which probably represent chance findings, we found no significant associations of the four SNPs in GRK5 with body fat mass and distribution and measurements of glucose metabolism. In contrast, Grk5 −/− mice were resistant to adipogenesis and adipocyte differentiation of WAT under a high fat diet, while they concomitantly developed fatty liver. They also had higher glucose and insulin levels, and were more insulin resistant 9, 10 . Differences between the species constitute an obvious explanation for the apparent conflicting findings in knock-out mice and humans. Furthermore, since all SNPs we studied in humans were intronic, they may only slightly modulate gene expression, thereby, exerting a rather small effect on metabolism, while knocking-out of the whole gene in rodents may result in more potent and more complex effects. For instance, while insulin resistance may account for the higher insulin levels, and the higher insulin and glucose levels may account for liver fat accumulation, the reasons for insulin resistance and higher glucose levels in these animals are unknown.
To our knowledge, there are principally two studies in the literature linking GRKs with glucose metabolism in humans. The first was a genome-wide association study, which found a significant relationship of the SNP rs10886471 in GRK5 with type 2 diabetes. The risk allele was associated with higher insulin, but not with higher glucose levels 11 . The second study reported that the same SNP exerts its effect also by generating either an intronic (CA) 16 STR, which was associated with an increased risk for prediabetes, or a (CA) 15 to (CA) 19 STR, which were all related to a decreased prediabetes risk 12 . Recently, a rather small case-control study confirmed the association of rs10886471 with prediabetes and type 2 diabetes, as well as with so-called differentiated symptoms of diabetes 32 . However, the association of the SNP rs10886471 with type 2 diabetes in the first study was found to be specific for East Asians, and the second and third studies were performed in only a Chinese Hainan Island population. It is, therefore, not surprising that we found no significant association of the SNP rs10886471 with measurements of glucose metabolism in our European cohort. A possible explanation for the ethnic differences may be that the risk allele frequency of the SNP rs10886471 in East Asians is much higher than in Europeans (0.786 in the HapMap CHB population and 0.455 in the HapMap CEU population, respectively) (http://grch37. ensembl.org/Homo_sapiens/Info/Index). Of note, whether there was an association of the particular SNP with lipid metabolism was not investigated in either of these two studies.
Our study has some limitations. First, it is unclear whether our findings and conclusions can be applied to other populations. Since there is no other study in the literature investigating the effect of GRK5 SNPs on cholesterol levels in humans, our results need replication in other ethnic groups. Second, our sample consisted of a cohort covering a wide range of age, adiposity, and insulin sensitivity. Thus, an impact of the SNPs in an older or a more insulin resistant population cannot be excluded. Finally, we studied only four common variants from selected gene regions and with MAFs ≥ 0.05, so that further SNPs in GRK5 with possible effect on cholesterol levels may exist.
To summarize, in this study we report robust associations of two SNPs in GRK5 gene with total and LDL-cholesterol as well as apoB levels. In our population, homozygotes for the minor (risk) allele had up to 20% higher cholesterol levels compared to homozygotes for the major allele. GRK5 may thus be involved in cholesterol metabolism. Furthermore, we detected a week association of one of the two SNPs with IMT. Although this association fell short from being statistically significant, it may be clinically relevant, because it is in line with data from in vitro and in vivo animal studies suggesting that GRK5 may have direct and indirect effects on atherosclerotic cardiovascular disease, and that apoB may be more predictive for the progression of cardiovascular disease than even oxidized LDL 33 . Thus, GRK5 represents a potential promising target for treatment strategies not only of total-, and particularly LDL-cholesterol levels, but possibly also of cardiovascular disease. 
